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I.  Statement of Work 
 
The objective of this task is to conduct corrosion related research and predict the durability of SS-46, Mn-
24, and AISI 4340 steel for Bernold shields or rock bolts.  The importance of these results is that we have 
used the Yucca Mountain water chemistry (furnished by the DOE) as an electrolyte for conducting 
corrosion experiments on rock bolts and other materials. During this period, we have performed studies by 
adding silicates and bicarbonate ions by using potentiodynamic to obtain corrosion rates.   We present the 
results of potentiodynamic polarization for steels to identify potential corrosion inhibitors (SIP-UNR-040).   
 
General Statements  
Commonly available steels may be used to manufacture rock bolts used in underground applications such 
as tunnels for YM project. They are generally designed for high strength, but perhaps not so much 
emphasis is made on the corrosion aspects.  We have performed corrosion tests on commercial rock bolts, 
such as AISI 4340 steel.  This material may be potentially used for rock bolts of different types, and related 
materials for ground support of the repository.  In this report No.14, corrosion rates were determined using 
potentiodynamic polarization method at different temperatures in different solutions using sodium 
bicarbonate and/or sodium silicate in both pure water and simulated seawater under deaerated conditions 
65oC and 80oC and also a summary of plots and Tables for the entire study of 4340 with the above 
mentioned additives is completed.   
 
Progress for the Period on rock bolt materials 
10/1/07 to12/31/07  
Subtask 1: Selection of New High-Strength Low-Alloy Steels, Stainless Steels for Rock Bolts, Steel Sets 
and Perforated Roof supports. In this report we show AISI 4340 steel results. 
Subtask 2: Electrochemical tests to evaluate corrosion rate and possible corrosion mechanisms on AISI   
4340 steel. 
Subtask 6: Thermogravimetric (TGA) analysis of Swellex Mn-24, SS-46 steels and new work on Alloy 22 
(just starting) for reliability tests at different temperatures – manuscript in preparation.  
 
II.  Introduction 
 
This report shows the work done for this period in accordance to cooperative agreement of University of 
Nevada system for the Task 019 “Subsurface Corrosion Research on Rock Bolt System, Perforated SS 
Sheets and Steel Sets for the Yucca Mountain Repository”, the overall objective of which is to conduct 
corrosion research and predict the durability of rock-bolts and other underground metallic roof supports. 
We are performing oxidation tests using Thermogravimetric Analyzer (TGA), and Potentiodynamic and 
immersion tests to determine the corrosion rates of rock bolts. 
 
In this quarter specifically we have accomplished the following: 
¾ Potentiodynamic tests were performed to determine corrosion rates (CR) of 4340 Steel in pure 
water and simulated seawater using sodium bicarbonate and/or sodium silicate as electrolyte(s) at 
65oC and 80oC under deaerated conditions. Results are compiled for all the test performed now 
and previous quarter for these specific studies on additives that have indicated that silicate ions 
are beneficial to suppress carrion in both pure water as well as simulated sea water.  
¾ A manuscript is in preparation for this particular topic. 
¾ A manuscript is prepared for ht oxidation of rock bolts with data from micro-diffraction 
synchrotron studies to identify the layers of oxides as a function of temperature. 
¾ More analyses of the synchrotron data obtained at the Advanced light source (ALS), Lawrence 
Berkeley National Laboratory are in progress to submit the manuscript on oxidation of rock bolts.  
 
 
 
 
III. Results and Discussion 
 
3.1 Corrosion Rates of AISI 4340 Steel 
 
Corrosion studies were continued on AISI 4340 steel in pure water and simulated sea water in solutions of 
Na2SiO3 and/or NaHCO3 at 65oC and 80oC in deaerated conditions.  In the last quarterly report the 
corrosion rates of this steel were obtained under similar conditions at 25oC and 45oC.[1,2]    
 
3.1.1 Experimental 
 
Electrochemical Tests 
 
Commercially-available AISI 4340 steel was procured from www.onlinemetals.com.  Representative 
samples from this steel were chemically analyzed by LTI, Inc.;[ 3] results of which are given in the 10th 
quarterly report.  Disc-shaped test specimens approximately 0.25” thick were professionally cut and 
machined locally.   The test specimens were mounted in epoxy with ~1.2 cm2 surface area. An electrical 
connection wire was spot welded to the back of the steel specimen.  Before the experiment, the sample was 
polished with 240 grit and 600 grit SiC emery papers and washed with deionized/distilled water before 
inserting them into the cell for electrochemical testing. 
 
A typical 1 liter Pyrex glass flask covered with a polytetrafluoroethylene lid (please see Quarterly report 
No. 5 for the photos and description of the apparatus) was used for electrochemical experiments.  The 
reference electrode was a saturated silver/silver chloride (Ag/AgCl) electrode, which has a potential of 
199mV more positive than the standard hydrogen potential.  Continuously purged nitrogen gas in the sealed 
cell maintained constant pressure above the solution.  A fritted glass capillary was used for continuous 
deaeration of the solution throughout the experiment at the rate of ~ 100 milliliters per minute (ml/min) 
using a flow meter. A temperature-controlled heated water bath surrounded the test cell of the solution.  
The specimen was inserted into the electrolyte-filled cell and nitrogen was continuously purged for a 
minimum of 60 minutes, or until the steady-state open circuit potential was reached. The potentiodynamic 
tests were carried out at a scan rate of 0.2mV/sec using a commercially-available potentiostat.  
 
All electrolyte solutions were prepared by mixing sodium silicate (Na2SiO3), sodium bicarbonate 
(NaHCO3) and/or sodium chloride (NaCl) in distilled, de-ionized water at room temperature. After adding 
the salt(s) to the de-ionized water, the solution was stirred until fully dissolved. If any excess or 
undissolved salts precipitated out from the solution at the bottom of the flask, the solution was filtered 
before use. The pH of the solution was measured before and after each experimental run.[2] 
 
The corrosion rate was calculated by following ASTM G59-97[3] and ASTM G102-89[4] procedures. During 
calculations, the polarization resistance (Rp) of the solution was neglected because it was shown by 
Yilmaz[5] that the electrolyte concentration was negligible. Tafel constants for both anodic and cathodic 
reactions are assumed to be constant (0.12V/decade).[6] From the polarization resistance (Rp) value, the 
corrosion current density was calculated using equation 3.1, where K1 = 3.27 x 10-3 mm·g/µA·cm·year, Icorr 
= µA/cm2, ρ = 7.87 g/cm3 and EW = 27.95 gm/equivalent.[4] 
 
    EWIKCR corrρ1=                         (3.1) 
3.1.2 Results 
 
Condensed Summary 
 
In this quarter, we present new results and compile them with those obtained in the previous quarter.  The 
objective was to compare the corrosion rates obtained by increasing ionic concentration of (1) SiO32- [using 
0.005M to 0.025M Na2SiO3 solutions], (2) HCO3- [using 0.1 to 1M NaHCO3 solutions] in pure water and 
simulated seawater. In addition, we performed tests on these waters by varying the SiO32- ion concentration 
from 0.005M to 0.025M, in separate solutions of (3) 0.1 M NaHCO3 & (4) 0.5M NaHCO3.  Results 
indicate that the steel corrodes < 70 µm/yr in solutions containing sodium silicate, but corrodes > 2,000 
µm/yr in solutions containing sodium bicarbonate.  In solutions of increasing silicate ion content with a 
fixed concentration of sodium bicarbonate, results were mixed.  In silicate solutions containing a fixed 
concentration of 0.1M NaHCO3, corrosion rates decreased at lower temperatures (25oC & 45oC), but 
increased at higher temperatures (65oC & 80oC).  For mixed solutions containing 0.5M NaHCO3, corrosion 
rates generally increased in pure water, but decreased in simulated seawater (3.5% NaCl).  The overall 
trends for the corrosion of 4340 steel in silicate-bicarbonate solutions are shown in Figure 3.1.1.  The best 
results were obtained by using sodium silicate only, in both pure water and simulated seawater.  A 
complete summary of the corrosion rates of 4340 steel in silicate-bicarbonate solutions is now complete, 
and the results are tabulated in Table 3.1.2. Additionally, a comparison of corrosion rates with the lowest 
concentrations of sodium silicate and sodium bicarbonate in simulated seawater is shown in Figure 3.1.74, 
in Appendix 2, showing the beneficial use of sodium silicate in a saltwater environment.  Details of each of 
these experiments are discussed in the following sections. 
 
 
Figure 3.1.1.  Overall corrosion rates of 4340 steel in silicate-bicarbonate solutions in pure water [top (a)] 
and simulated seawater [bottom (b)].  The corrosion rates for 0.5M sodium bicarbonate at higher 
temperatures are not shown. 
(a) 
(b) 
 
Table 3.1.1.  Test solutions used and the corresponding index for Figure 3.1.1, parts [a] and [b].  This table 
also shows the corrosion rate activation energies from electrochemical polarization tests performed at 25oC 
to 80oC.  
Sample No.  Ionic Concentration Activation  Energy (kJ/mol)  
# M (moles/liter) Pure Water Simulated Seawater 
1 0.005M SiO32- 9.5 34.0 
2 0.01M SiO32- 33.9 37.3 
3 0.025M SiO32- 23.8 28.5 
4 0.1M HCO3- 9.8 2.3 
5 0.5M HCO3- 12.6 18.3 
6 1M HCO3- 23.2 28.7 
7 0.1M HCO3- + 0.005M SiO32- 5.5 7.8 
8 0.1M HCO3- + 0.01M SiO32- 9.0 9.7 
9 0.1M HCO3- + 0.025M SiO32- 20.1 29.0 
10 0.5M HCO3- + 0.005M SiO32- 15.3 8.4 
11 0.5M HCO3- + 0.01M SiO32- 10.0 7.0 
12 0.5M HCO3- + 0.025M SiO32- 8.1 8.7 
 
 
Table 3.1.2. Corrosion rate data for 4340 steel in deaerated, silicate and bicarbonate solutions in pure water. 
 
Temperature Concentration        Ecorr            Icorr          Corrosion Rate2   Corrosion Rate2 
     (oC)  (M = moles/liter)         (VSSC1)         (μA/cm2)      (μm/yr)                      (mpy)            
      25    0.1M HCO3-    -0.761          7.7325      83.6296*          3.2925*                
      45    0.1M HCO3-  -0.720          11.4395      123.9969*          4.8818              
      65    0.1M HCO3-  -0.769          12.0652      149.9522          5.9036              
      80    0.1M HCO3-  -0.794          14.4273      153.3142          6.0360               
      25    0.5M HCO3-  -0.749          25.7106      273.4412*          10.7654*                
      45    0.5M HCO3-  -0.744          42.0426      501.7616*          19.7544*               
      65    0.5M HCO3-  -0.791          55.2598      592.0853          23.3104              
      80    0.5M HCO3-  -0.792          57.4409      608.0777          23.9401               
      25       1M HCO3-  -0.753          39.5296      454.8054*          17.9057*                
      45       1M HCO3-              -0.760          90.0014      969.0724*          38.1525*                
      65       1M HCO3-  -0.790          145.5714      1524.5950          60.0234               
      80       1M HCO3-  -0.805          147.6841      1965.4584          77.3803                
      25      0.1M HCO3- + 0.005M SiO32- -0.739          4.6413      53.0163*          2.0873*                
      45   0.1M HCO3- + 0.005M SiO32- -0.735          6.2295      74.5253*          2.9341*                
      65   0.1M HCO3- + 0.005M SiO32- -0.744          4.7226      53.0136          2.0871               
      80   0.1M HCO3- + 0.005M SiO32- -0.782          6.8734      89.9667          3.5420                
      25   0.1M HCO3- + 0.01M SiO32- -0.758          3.7834      43.3949*          1.7085*                
      45      0.1M HCO3- + 0.01M SiO32- -0.752          5.4617      64.4025*          2.5355*                
      65      0.1M HCO3- + 0.01M SiO32- -0.779          5.2041      65.9419          2.5961               
      80   0.1M HCO3- + 0.01M SiO32- -0.789          6.8899      80.8714          3.1839                
      25   0.1M HCO3- + 0.025M SiO32- -0.787          2.6358      30.3952*          1.1967*                
      45   0.1M HCO3- + 0.025M SiO32- -0.784          4.8209      56.1465*          2.2105*               
      65      0.1M HCO3- + 0.025M SiO32-        -0.819          8.9871      105.1444          4.1395                 
      80   0.1M HCO3- + 0.025M SiO32- -0.795          8.0409      97.0694          3.8216                
      25   0.5M HCO3- + 0.005M SiO32- -0.739          12.6573      128.4153*          5.0557*               
      45   0.5M HCO3- + 0.005M SiO32- -0.745          19.9205      233.5597*          9.1953*                
      65   0.5M HCO3- + 0.005M SiO32- -0.763          35.2070      384.2545          15.1281               
      80   0.5M HCO3- + 0.005M SiO32- -0.760          21.1051      300.1683          11.8176                
      25   0.5M HCO3- + 0.01M SiO32- -0.734          11.0747      144.4166*          5.6857*                
      45      0.5M HCO3- + 0.01M SiO32- -0.734          23.4833      249.8686*          9.8373*                
      65      0.5M HCO3- + 0.01M SiO32- -0.769          22.7273      266.4609          10.4609               
      80   0.5M HCO3- + 0.01M SiO32- -0.774          22.1476      276.3208          10.8788                
      25   0.5M HCO3- + 0.025M SiO32- -0.740          14.8985      176.5417*          6.9505*                
      45   0.5M HCO3- + 0.025M SiO32- -0.741          21.4633      252.6992*          9.9488*                
      65      0.5M HCO3- + 0.025M SiO32-        -0.755          17.0808      214.6374          8.4503               
      80   0.5M HCO3- + 0.025M SiO32- -0.763          29.3862      336.5737          13.2509                
      25  0.005M Na2SiO3-   -0.817          1.549      18.8760*          0.7431*                
      45  0.005M Na2SiO3-  -0.735          1.4135      18.4589*          0.7267*                
      65  0.005M Na2SiO3-  -0.800          1.7587      23.3484          0.9192               
      80  0.005M Na2SiO3-  -0.795          3.0619      35.5587          1.3999                
      25  0.01M Na2SiO3-  -0.812          0.4584      5.4900*          0.2161*                
      45  0.01M Na2SiO3-  -0.720          1.0097      11.8598*          0.4669*                
      65  0.01M Na2SiO3-  -0.853          1.5815      20.3921          0.8028               
      80  0.01M Na2SiO3-  -0.851          4.1473      52.1211          2.0520                
      25  0.025M Na2SiO3-  -0.797          0.4965      7.1695*          0.2823*                
      45  0.025M Na2SiO3-             -0.781          2.9829      6.8773*          0.2708*               
      65  0.025M Na2SiO3-  -0.803          1.6588      19.5537          0.7698              
      80  0.025M Na2SiO3-        -0.839          1.9005              21.784                      0.8577 
1 SCC = Silver-Silver Chloride Reference Electrode  
2 average value  
* revised value 
 
 
Table 3.1.3. Corrosion rate data for 4340 steel in deaerated, silicate and bicarbonate solutions in simulated 
seawater. 
Temperature Concentration        Ecorr            Icorr             Corrosion Rate2   Corrosion Rate2 
     (oC)  (M = moles/liter)         (VSSC)          (μA/cm2)       (μm/yr)                     (mpy)            
      25    0.1M HCO3-    -0.755          11.012      123.8465*          4.8758*                
      45    0.1M HCO3-  -0.745          15.1506      179.2780*          7.0582*              
      65    0.1M HCO3-  -0.757          17.3667      179.2816          7.0583               
      80    0.1M HCO3-  -0.768          10.7356      139.2735          5.4832               
      25    0.5M HCO3-  -0.732          26.6955      289.2166*          11.3865*                
      45    0.5M HCO3-  -0.763          38.0931      397.7035*          15.6576*               
      65    0.5M HCO3-  -0.785          58.1318      687.2830          27.0584               
      80    0.5M HCO3-  -0.771          77.3387      878.0589          34.5692               
      25       1M HCO3-  -0.746          29.1029      335.3227*          13.2017*                
      45       1M HCO3-              -0.753          73.3679      960.8969*          37.8306*                
      65       1M HCO3-  -0.791          129.6084      1580.3390          62.2181               
      80       1M HCO3-  -0.791          182.0660      2061.6602          81.1677                
      25      0.1M HCO3- + 0.005M SiO32- -0.725          5.0058      53.9758*          2.1250*                
      45   0.1M HCO3- + 0.005M SiO32- -0.725          6.7117      77.8704*          3.0658*                
      65   0.1M HCO3- + 0.005M SiO32- -0.766          7.9979      94.8663          3.7349               
      80   0.1M HCO3- + 0.005M SiO32- -0.781          7.2163      84.6984          3.3346                
      25   0.1M HCO3- + 0.01M SiO32- -0.743          4.8267      52.4555*          2.0652*                
      45      0.1M HCO3- + 0.01M SiO32- -0.765          6.0024      84.5136*          3.3273*                
      65      0.1M HCO3- + 0.01M SiO32- -0.776          8.7048      106.6604          4.1992               
      80   0.1M HCO3- + 0.01M SiO32- -0.795          7.9389      92.2153          3.6305                
      25   0.1M HCO3- + 0.025M SiO32- -0.787          1.7705      18.5820*          0.7316*                
      45   0.1M HCO3- + 0.025M SiO32- -0.790          4.3061      49.0792*          1.9323*               
      65      0.1M HCO3- + 0.025M SiO32-        -0.792          9.5617      110.8300          4.3634               
      80   0.1M HCO3- + 0.025M SiO32- -0.798          9.2131      102.2114          4.0241                
      25   0.5M HCO3- + 0.005M SiO32- -0.720          22.1702      247.5211*          9.7449*               
      45   0.5M HCO3- + 0.005M SiO32- -0.734          32.8715      389.3599*          15.3291*                
      65   0.5M HCO3- + 0.005M SiO32- -0.763          35.1547      412.1439          16.2261               
      80   0.5M HCO3- + 0.005M SiO32- -0.763          35.1452      426.7079          16.7995                
      25   0.5M HCO3- + 0.01M SiO32- -0.727          18.9841      213.4569*          8.4038*                
      45      0.5M HCO3- + 0.01M SiO32- -0.725          18.6005      261.5285*          10.2964*                
      65      0.5M HCO3- + 0.01M SiO32- -0.748          32.7978      372.2560          14.6557               
      80   0.5M HCO3- + 0.01M SiO32- -0.764          28.3423      300.2842          11.8222                
      25   0.5M HCO3- + 0.025M SiO32- -0.738          14.5531      170.8615*          6.7268*                
      45   0.5M HCO3- + 0.025M SiO32- -0.739          26.9142      292.6032*          11.5198*                
      65      0.5M HCO3- + 0.025M SiO32-        -0.753          32.0848      363.2850          14.3026               
      80   0.5M HCO3- + 0.025M SiO32- -0.765          23.2237      276.9492          10.9035                
      25  0.005M Na2SiO3-   -0.789          0.5255      6.6466*          0.2617*                
      45  0.005M Na2SiO3-  -0.835          2.3641      28.4346*          1.1195*                
      65  0.005M Na2SiO3-  -0.823          3.5534      41.6623          1.6402               
      80  0.005M Na2SiO3-  -0.827          5.8085      60.8423          2.3954                
      25  0.01M Na2SiO3-  -0.839          0.4499      5.2423*          0.2064*                
      45  0.01M Na2SiO3-  -0.837          1.6862      19.8870*          0.7830*                
      65  0.01M Na2SiO3-  -0.826          5.1562      68.2839          2.6883               
      80  0.01M Na2SiO3-  -0.814          3.8944      42.3471          1.6672                
      25  0.025M Na2SiO3-  -0.793          0.6198      7.2668*          0.2861*                
      45  0.025M Na2SiO3-             -0.831          1.5317      17.4382*          0.6865*               
      65  0.025M Na2SiO3-  -0.831          5.0888      53.4388          2.1039              
      80  0.025M Na2SiO3-        -0.838          2.9905              33.7202                    1.3276 
1 SCC = Silver-Silver Chloride Reference Electrode  
2 average value  
* revised value 
 
 
Electrochemical Polarization & Passivity – 65oC 
 
In this section, we present new results of the passivation of AISI 4340 steel using sodium silicate and/or 
sodium bicarbonate in pure water and simulated seawater at 65oC. Figures 3.1.2 – 3.1.13 show 
potentiodynamic scans of AISI 4340 steel at 65oC.   
 
Figure 3.1.2. Potentiodynamic scans of 4340 steel – deaerated with NaHCO3 in pure water at 65oC. 
 
 
Figure 3.1.3. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 in pure water at 65oC. 
 
Figure 3.1.4. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + 0.5M NaHCO3 in pure water 
at 65oC. 
 
Figure 3.1.5. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + 0.1M NaHCO3 in pure water 
at 65oC. 
 
Figure 3.1.6. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + [0.1M NaHCO3 or 0.5M 
NaHCO3] in pure water at 65oC. 
 
Figure 3.1.7. Potentiodynamic scans of 4340 steel – deaerated with different concentrations of Na2SiO3 and 
NaHCO3 in pure water at 65oC. 
 
Figure 3.1.8. Potentiodynamic scans of 4340 steel – deaerated with NaHCO3 in simulated seawater at 65oC. 
 
Figure 3.1.9. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 in simulated seawater at 65oC. 
 
Figure 3.1.10. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + 0.5M NaHCO3 in simulated 
seawater at 65oC. 
 
Figure 3.1.11. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + 0.1M NaHCO3 in simulated 
seawater at 65oC. 
 
Figure 3.1.12. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + [0.1M NaHCO3 or 0.5M 
NaHCO3] in simulated seawater at 65oC. 
 
Figure 3.1.13.  Potentiodynamic scans of 4340 steel – deaerated with different concentrations of HCO3- 
and/or SiO32- ions in simulated seawater at 65oC. 
 
Electrochemical & Corrosion Rate Data – Tables & Graphs for 65oC 
 
Tables 3.1.4 & 3.1.5, and Figures 3.1.13 – 3.1.16 show the electrochemical and corrosion rate data for 4340 
steel in silicate and/or bicarbonate aqueous solutions at 65oC, both in pure water and simulated seawater. 
 
Table 3.1.4 – Electrochemical & Corrosion Rate Data for 4340 Steel in Pure Water at 65oC 
Ionic Concentration Electrochemical & Corrosion Rate Data for AISI 4340 Steel in Pure Water at 65oC 
M (molarity) Initial Final Ecorr Icorr βa βc CR CR 
  pH pH (mV) (μA/cm2) (mV/decade) (mV/decade) (μm/yr) (mpy) 
0.1M HCO3- 8.24 9.81 -0.769 12.0652 120 120 149.9522 5.9036 
0.5M HCO3- 8.24 9.67 -0.791 55.2598 120 120 592.0853 23.3104 
1M HCO3- 8.08 9.53 -0.790 145.5714 120 120 1524.5950 60.0234 
0.5M HCO3- + 0.005M 
SiO32- 8.42 9.79 -0.763 35.2070 120 120 384.2545 15.1281 
0.5M HCO3- + 0.01M 
SiO32- 8.67 9.54 -0.769 22.7273 120 120 266.4609 10.4906 
0.5M HCO3- + 0.025M 
SiO32- 8.91 9.31 -0.755 17.0808 120 120 214.6374 8.4503 
0.1M HCO3- + 0.005M 
SiO32- 9.13 9.92 -0.744 4.7226 120 120 53.0136 2.0871 
0.1M HCO3- + 0.01M 
SiO32- 9.42 9.78 -0.779 5.2041 120 120 65.9419 2.5961 
0.1M HCO3- + 0.025M 
SiO32- 9.92 10.11 -0.819 8.9871 120 120 105.1444 4.1395 
0.005M SiO32- 11.34 10.73 -0.800 1.7587 120 120 23.3484 0.9192 
0.01M SiO32- 11.50 11.03 -0.853 1.5815 120 120 20.3921 0.8028 
0.025M SiO32- 11.90 11.35 -0.803 1.6588 120 120 19.5537 0.7698 
 
Table 3.1.5 – Electrochemical & Corrosion Rate Data for 4340 Steel in Simulated Seawater at 65oC 
Ionic Concentration Electrochemical & Corrosion Rate Data for AISI 4340 Steel in Simulated Seawater at 65oC 
M (molarity) Initial Final Ecorr Icorr βa βc CR CR 
  pH pH (mV) (μA/cm2) (mV/decade) (mV/decade) (μm/yr) (mpy) 
0.1M HCO3- 7.93 9.06 -0.757 17.3667 120 120 179.2816 7.0583 
0.5M HCO3- 7.85 9.29 -0.785 58.1318 120 120 687.2830 27.0584 
1M HCO3- 7.95 9.24 -0.791 129.6084 120 120 1580.3390 62.2181 
0.5M HCO3- + 0.005M 
SiO32- 8.06 9.30 -0.763 35.1547 120 120 412.1439 16.2261 
0.5M HCO3- + 0.01M 
SiO32- 8.28 9.08 -0.748 32.7978 120 120 372.2560 14.6557 
0.5M HCO3- + 0.025M 
SiO32- 8.58 9.14 -0.753 32.0848 120 120 363.2850 14.3026 
0.1M HCO3- + 0.005M 
SiO32- 8.65 9.32 -0.766 7.9959 120 120 94.8663 3.7349 
0.1M HCO3- + 0.01M 
SiO32- 8.94 9.26 -0.776 8.7048 120 120 106.6604 4.1992 
0.1M HCO3- + 0.025M 
SiO32- 9.43 9.56 -0.792 9.5617 120 120 110.8300 4.3634 
0.005M SiO32- 11.18 10.43 -0.823 3.5534 120 120 41.6623 1.6402 
0.01M SiO32- 11.37 10.67 -0.826 5.1562 120 120 68.2839 2.6883 
0.025M SiO32- 11.56 10.90 -0.831 5.0888 120 120 53.4388 2.1039 
 
Electrochemical Polarization & Passivity – 80oC 
 
In this section, we present new results of the passivation of AISI 4340 steel using sodium silicate and/or 
sodium bicarbonate in pure water and simulated seawater at 80oC. Figures 3.1.14 – 3.1.25 show 
potentiodynamic scans of AISI 4340 steel at 80oC.  
 
Figure 3.1.14. Potentiodynamic scans of 4340 steel – deaerated with NaHCO3 in pure water at 80oC. 
 
Figure 3.1.15. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 in pure water at 80oC. 
 
Figure 3.1.16. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + 0.5M NaHCO3 in pure 
water at 80oC. 
 
Figure 3.1.17. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + 0.1M NaHCO3 in pure 
water at 80oC. 
 
Figure 3.1.18. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + [0.1M NaHCO3 or 0.5M 
NaHCO3] in pure water at 80oC. 
 
Figure 3.1.19.  Potentiodynamic scans of 4340 steel – deaerated with different concentrations of HCO3- 
and/or SiO32- ions in pure water at 80oC. 
 
Figure 3.1.20. Potentiodynamic scans of 4340 steel – deaerated with NaHCO3 in simulated seawater at 
80oC. 
 
Figure 3.1.21. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 in simulated seawater at 
80oC. 
 
Figure 3.1.22. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + 0.5M NaHCO3 in simulated 
seawater at 80oC. 
 
Figure 3.1.23. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + 0.1M NaHCO3 in simulated 
seawater at 80oC. 
 
Figure 3.1.24. Potentiodynamic scans of 4340 steel – deaerated with Na2SiO3 + [0.1M NaHCO3 or 0.5M 
NaHCO3] in simulated seawater at 80oC. 
 
Figure 3.1.25.  Potentiodynamic scans of 4340 steel – deaerated with different concentrations of HCO3- 
and/or SiO32- ions in simulated seawater at 80oC. 
 
Electrochemical & Corrosion Rate Data – Tables & Graphs for 80oC 
 
Tables 3.1.6 & 3.1.7, and Figures 3.1.29 – 3.1.32 show the electrochemical and corrosion rate data for 4340 
steel in silicate and/or bicarbonate aqueous solutions at 25oC, both in pure water and simulated seawater. 
 
Table 3.1.6 – Electrochemical & Corrosion Rate Data for 4340 Steel in Pure Water at 80oC 
Ionic Concentration Electrochemical & Corrosion Rate Data for AISI 4340 Steel in Pure Water at 80oC 
M (molarity) Initial Final Ecorr Icorr βa βc CR CR 
  pH pH (mV) (μA/cm2) (mV/decade) (mV/decade) (μm/yr) (mpy) 
0.1M HCO3- 8.35 10.10 -0.794 14.4273 120 120 153.3142 6.0360 
0.5M HCO3- 8.16 9.82 -0.792 57.4409 120 120 608.0777 23.9401 
1M HCO3- 8.24 9.85 -0.805 147.6841 120 120 1965.4584 77.3803 
0.5M HCO3- + 0.005M 
SiO32- 8.47 9.95 -0.760 21.1051 120 120 300.1683 11.8176 
0.5M HCO3- + 0.01M 
SiO32- 8.60 10.01 -0.774 22.1476 120 120 276.3208 10.8788 
0.5M HCO3- + 0.025M 8.96 9.82 -0.763 29.3862 120 120 336.5737 13.2509 
SiO32- 
0.1M HCO3- + 0.005M 
SiO32- 9.10 10.19 -0.782 6.8734 120 120 89.9667 3.5420 
0.1M HCO3- + 0.01M 
SiO32- 9.39 10.18 -0.789 6.8899 120 120 80.8714 3.1839 
0.1M HCO3- + 0.025M 
SiO32- 9.90 10.26 -0.795 8.0409 120 120 97.0694 3.8216 
0.005M SiO32- 11.76 10.67 -0.795 3.0619 120 120 35.5587 1.3999 
0.01M SiO32- 11.64 10.87 -0.851 4.1473 120 120 52.1211 2.0520 
0.025M SiO32- 11.91 11.12 -0.839 1.9005 120 120 21.7847 0.8577 
 
Table 3.1.7 – Electrochemical & Corrosion Rate Data for 4340 Steel in Simulated Seawater at 80oC 
Ionic Concentration Electrochemical & Corrosion Rate Data for AISI 4340 Steel in Simulated Seawater at 80oC 
M (molarity) Initial Final Ecorr Icorr βa βc CR CR 
  pH pH (mV) (μA/cm2) (mV/decade) (mV/decade) (μm/yr) (mpy) 
0.1M HCO3- 7.90 9.48 -0.768 10.7356 120 120 139.2735 5.4832 
0.5M HCO3- 7.86 9.43 -0.771 77.3387 120 120 878.0589 34.5692 
1M HCO3- 7.86 9.36 -0.791 182.0660 120 120 2061.6602 81.1677 
0.5M HCO3- + 0.005M 
SiO32- 8.12 9.50 -0.763 35.1452 120 120 426.7079 16.7995 
0.5M HCO3- + 0.01M 
SiO32- 8.34 9.34 -0.764 28.3423 120 120 300.2842 11.8222 
0.5M HCO3- + 0.025M 
SiO32- 8.60 9.32 -0.765 23.2237 120 120 276.9492 10.9035 
0.1M HCO3- + 0.005M 
SiO32- 8.65 9.45 -0.781 7.2163 120 120 84.6984 3.3346 
0.1M HCO3- + 0.01M 
SiO32- 8.96 9.51 -0.795 7.9389 120 120 92.2153 3.6305 
0.1M HCO3- + 0.025M 
SiO32- 9.45 9.58 -0.798 9.2131 120 120 102.2114 4.0241 
0.005M SiO32- 11.22 10.12 -0.827 5.8085 120 120 60.8423 2.3954 
0.01M SiO32- 11.23 10.44 -0.814 3.8944 120 120 42.3471 1.6672 
0.025M SiO32- 11.45 10.67 -0.838 2.9905 120 120 33.7202 1.3276 
 
3.1.4 Discussion 
 
Electrochemical Behavior of AISI 4340 Steel in Pure Water & Simulated Seawater  
 
Representative potentiodynamic scans of 4340 steel in sodium silicate and/or sodium bicarbonate in pure 
water and simulated seawater at 65oC and 80oC, are shown in Figures 3.1.2 – 3.1.25.  For all 
potentiodynamic scans presented, the passivity obtained by the steel in solutions without chlorides is much 
greater than the passivity obtained in the presence of chlorides.  This is evident from the overall potential 
range when samples run in pure water versus simulated seawater (3.5% NaCl) are compared side-by-side.  
This observation was explained in a previous quarterly report.[2]  However, there are other observations that 
can be discussed. 
 
First of all, it is evident that at higher temperatures, sodium bicarbonate (NaHCO3) is much more 
chemically stable than sodium silicate (Na2SiO3) in pure water, especially at lower (more negative) 
potentials, as seen in Figures 3.1.2 and 3.1.3.  However, NaHCO3 is less stable in simulated seawater at 
higher potentials, especially when approaching the breakdown potential, than is sodium silicate.  This is 
evident by observing Figures 3.1.8, 3.1.9, 3.1.20 and 3.1.22.  Figures 3.1.13 and 3.1.25 show this effect 
more clearly.  This could be attributed to higher temperatures, as this effect was observed at both 65oC and 
80oC.  On the other hand, the breakdown effect was observed at high concentrations of bicarbonate (1 M) 
and also was observed in the presence of both silicate and bicarbonate, as well.  These (relatively) large 
concentrations of solutes could have affected the path of electrons from the luggin probe to the sample’s 
surface, effectively impeding the conductivity at these high voltages.      
 
Another important observation from these results is that sodium silicate is much more effective at film 
formation at lower temperature than at higher temperatures, especially when used in very small 
concentrations, such as in industrial applications.[9]  This is due to a “self-healing thin film”[9] that forms 
over the surface of the material.  This “breakdown” in film formation can be readily seen in Figure 3.1.15, 
3.1.19, 3.1.22 and 3.1.25.  This is due to the silicate ions congealing (gelatinizing) together to form 
amorphous silica, SiO2.  This silica coats the glassware inside the cell and the walls of the cell itself, 
leaving very little silicate for passive film formation.  However, if a higher concentration of silicate is 
present in solution, such as 0.01M or 0.025M, there is a sufficient amount of silica for film formation and 
passivation at higher potentials, offsetting the congealing effects.  Also, the current density increases 
slightly as the potential increases.  This can be seen in Figure 3.1.15, as the 0.01M SiO32- and 0.025M 
SiO32- curves show a stable, linear passive film from ~ -0.3V to the breakdown potential, whereas the 
0.005M SiO32- curve is very broken and unstable.      
 
Finally, it can be observed that the Ecorr’s for nearly all seawater-based experimental runs are lower than the 
pure water-based runs.  This effect can be seen in Figures 3.1.12, 3.1.13, 3.1.24 and 3.1.25.  Also, the 
current density is lower for the cathodic-to-anodic portion of the curves in simulated seawater, as compared 
to pure water, due to the presence of chlorides in solution.  These chlorides provide greater solution 
conductivity, as well as increased reactivity of the iron[10] at the metal-solution interface.  These 
observations provide additional justification for why steels in salt solutions containing chlorides corrode at 
a much faster rate than in solutions without the presence of chlorides.  
 
3.1.5 Summary 
 
The passivity effects of sodium silicate and sodium bicarbonate have been investigated by potentiodynamic 
polarization using AISI 4340 steel at 65oC & 80oC.  The results from these tests, as well as results from 
previous tests at lower temperatures,[1,2] could be used to help determine a corrosion inhibitor for 4340 steel 
and other HSLA steels proposed for the Yucca Mountain repository.  Results show that sodium bicarbonate 
(NaHCO3) is much more chemically stable than sodium silicate (Na2SiO3) in pure water, but less stable in 
simulated seawater at higher potentials.  Sodium silicate is much more effective at film formation at lower 
temperatures than at higher temperatures, especially when used in very small concentrations, due to a “self-
healing thin film”[9] that forms over the surface of the material.  Bicarbonate provides much better 
conductivity than silicate does; however, it corrodes the steel at a much higher rate.  Generally, as the 
concentration of bicarbonate increases, the corrosion rate increases, in both pure water and seawater.  For 
silicate-containing solutions with 0.5M bicarbonate, corrosion rates decreased with increasing 
concentrations of silicates.  However, for solutions containing 0.1M bicarbonate, corrosion rates increased 
with increasing concentrations of silicate.  Finally, silicate solutions without the presence of bicarbonates 
produced mixed corrosion rates, in both pure water and seawater.  At both temperatures, the maximum 
corrosion rate peaked at a concentration of 0.01M Na2SiO3.  This could possibly be attributed to silicic acid 
formation[11] from the cathode-to-anode transition during the electrochemical reaction.   
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Appendix 1 
 
Electrochemical & Corrosion Rate Data 
 
In this section, we present a summary of potentiodynamic scans obtained at different temperatures and their 
associated corrosion rates as a function of temperature of 4340 steel using sodium silicate, sodium 
bicarbonate and/or sodium chloride in solution.  Figures 3.1.26 – 3.1.61 show the electrochemical behavior 
and corrosion rate data at all temperatures – 25oC, 45oC, 65oC and 80oC – in pure water and simulated 
seawater.  Figures 3.1.62 – 3.1.73 compare the overall average corrosion rates of 4340 steel, tested in 
different concentrations of silicate and/or bicarbonate solutions at all temperatures, in pure water and 
simulated seawater.  Tables 3.1.6 & 3.1.7 show a summary of the average corrosion rates of 4340 steel 
tested in all concentrations of sodium silicate and/or sodium bicarbonate, in pure water and simulated 
seawater (3.5% NaCl). 
 
 
Figure 3.1.26. Comparison of potentiodynamic scans of 4340 steel – deaerated with 1M NaHCO3 in pure 
water.  
 
Figure 3.1.27. Comparison of potentiodynamic scans of 4340 steel – deaerated with 1M NaHCO3 in 
simulated seawater. 
 
Figure 3.1.28. Comparison of average corrosion rates of 4340 steel – deaerated with 1M NaHCO3 in pure 
water and simulated seawater. 
 
Figure 3.1.29. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.5M NaHCO3 in pure 
water. 
 
Figure 3.1.30. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.5M NaHCO3 in 
simulated seawater. 
 
Figure 3.1.31. Comparison of average corrosion rates of 4340 steel – deaerated with 0.5M NaHCO3 in pure 
water and simulated seawater. 
 
Figure 3.1.32. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.1M NaHCO3 in pure 
water. 
 
Figure 3.1.33. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.1M NaHCO3 in 
simulated seawater. 
 
Figure 3.1.34. Comparison of average corrosion rates of 4340 steel – deaerated with 0.1M NaHCO3 in pure 
water and simulated seawater. 
 
Figure 3.1.35. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.005M Na2SiO3 in 
pure water. 
 
Figure 3.1.36. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.005M Na2SiO3 in 
simulated seawater. 
 
Figure 3.1.37. Comparison of average corrosion rates of 4340 steel – deaerated with 0.005M Na2SiO3 in 
pure water and simulated seawater. 
 
Figure 3.1.38. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.01M Na2SiO3 in pure 
water. 
 
Figure 3.1.39. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.01M Na2SiO3 in 
simulated seawater. 
 
Figure 3.1.40. Comparison of average corrosion rates of 4340 steel – deaerated with 0.01M Na2SiO3 in pure 
water and simulated seawater. 
 
Figure 3.1.41. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.025M Na2SiO3 in 
pure water. 
 
Figure 3.1.42. Comparison of potentiodynamic scans of 4340 steel – deaerated with 0.025M Na2SiO3 in 
simulated seawater. 
 
Figure 3.1.43. Comparison of average corrosion rates of 4340 steel – deaerated with 0.025M Na2SiO3 in 
pure water and simulated seawater. 
 
Figure 3.1.44. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.005M Na2SiO3 + 
0.5M NaHCO3] in pure water. 
 
Figure 3.1.45. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.005M Na2SiO3 + 
0.5M NaHCO3] in simulated seawater. 
 
Figure 3.1.46. Comparison of average corrosion rates of 4340 steel – deaerated with [0.005M Na2SiO3 + 
0.5M NaHCO3] in pure water and simulated seawater. 
 
Figure 3.1.47. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.01M Na2SiO3 + 
0.5M NaHCO3] in pure water. 
 
Figure 3.1.48. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.01M Na2SiO3 + 
0.5M NaHCO3] in simulated seawater. 
 
Figure 3.1.49. Comparison of average corrosion rates of 4340 steel – deaerated with [0.01M Na2SiO3 + 
0.5M NaHCO3] in pure water and simulated seawater. 
 
Figure 3.1.50. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.025M Na2SiO3 + 
0.5M NaHCO3] in pure water. 
 
Figure 3.1.51. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.025M Na2SiO3 + 
0.5M NaHCO3] in simulated seawater. 
 
Figure 3.1.52. Comparison of average corrosion rates of 4340 steel – deaerated with [0.025M Na2SiO3 + 
0.5M NaHCO3] in pure water and simulated seawater. 
 
Figure 3.1.53. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.005M Na2SiO3 + 
0.1M NaHCO3] in pure water. 
 
Figure 3.1.54. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.005M Na2SiO3 + 
0.1M NaHCO3] in simulated seawater. 
 
Figure 3.1.55. Comparison of average corrosion rates of 4340 steel – deaerated with [0.005M Na2SiO3 + 
0.1M NaHCO3] in pure water and simulated seawater. 
 
Figure 3.1.56. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.01M Na2SiO3 + 
0.1M NaHCO3] in pure water. 
 
Figure 3.1.57. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.01M Na2SiO3 + 
0.1M NaHCO3] in simulated seawater. 
 
Figure 3.1.58. Comparison of average corrosion rates of 4340 steel – deaerated with [0.01M Na2SiO3 + 
0.1M NaHCO3] in pure water and simulated seawater. 
 
Figure 3.1.59. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.025M Na2SiO3 + 
0.1M NaHCO3] in pure water. 
 
Figure 3.1.60. Comparison of potentiodynamic scans of 4340 steel – deaerated with [0.025M Na2SiO3 + 
0.1M NaHCO3] in simulated seawater. 
 
Figure 3.1.61. Comparison of average corrosion rates of 4340 steel – deaerated with [0.025M Na2SiO3 + 
0.1M NaHCO3] in pure water and simulated seawater. 
 
Appendix 2: Comparison of Corrosion Rates at all Temperatures in Pure Water and Simulated Seawater 
 
In this section, we compare results derived from the previous sections. Figures 3.1.62 – 3.1.73 show 
comparisons for 4340 steel in silicate and/or bicarbonate solutions at all temperatures, in pure water and 
simulated seawater. 
 
 
Figure 3.1.62. Comparisons of average corrosion rates of 4340 steel – deaerated with NaHCO3 in pure 
water. 
 
Figure 3.1.63. Comparisons of average corrosion rates of 4340 steel – deaerated with NaHCO3 in simulated 
seawater. 
 
Figure 3.1.64. Comparisons of average corrosion rates of 4340 steel – deaerated with NaHCO3 in pure 
water (PW) and simulated seawater (SW). 
 
Figure 3.1.65. Comparisons of average corrosion rates of 4340 steel – deaerated with Na2SiO3 in pure 
water. 
 
Figure 3.1.66. Comparisons of average corrosion rates of 4340 steel – deaerated with Na2SiO3 in simulated 
seawater. 
 
Figure 3.1.67. Comparisons of average corrosion rates of 4340 steel – deaerated with Na2SiO3 in pure water 
(PW) and simulated seawater (SW). 
 
Figure 3.1.68. Comparisons of average corrosion rates of 4340 steel – deaerated with Na2SiO3 + 0.5M 
NaHCO3 in pure water. 
 
Figure 3.1.69. Comparisons of average corrosion rates of 4340 steel – deaerated with Na2SiO3 + 0.5M 
NaHCO3 in simulated seawater. 
 
Figure 3.1.70. Comparisons of average corrosion rates of 4340 steel – deaerated with Na2SiO3 + 0.5M 
NaHCO3 in pure water (PW) and simulated seawater (SW). 
 
Figure 3.1.71. Comparisons of average corrosion rates of 4340 steel – deaerated with Na2SiO3 + 0.1M 
NaHCO3 in pure water. 
 
Figure 3.1.72. Comparisons of average corrosion rates of 4340 steel – deaerated with Na2SiO3 + 0.1M 
NaHCO3 in simulated seawater. 
 
Figure 3.1.73. Comparisons of average corrosion rates of 4340 steel – deaerated with Na2SiO3 + 0.1M 
NaHCO3 in pure water (PW) and simulated seawater (SW). 
 
Figure 3.1.74. Comparisons of average corrosion rates of 4340 steel – deaerated in simulated seawater with 
no additional ions, 0.005M Na2SiO3, and 0.1M NaHCO3. 
 
